Objectives: Fixed pulmonary hypertension is a contraindication for heart transplantation. Left ventricular assist device support may lower it and bridge patients to heart transplantation. The aim of the study was to investigate the optimal parameters for treatment decisions and the time course of their potential reversal to normal values during preoperative inotropic support. Methods: Mean pulmonary arterial pressure, pulmonary vascular resistance and transpulmonary gradient were retrospectively analysed in 120 heart failure patients with severe pulmonary hypertension (mean age 51.7 AE 1.1 years, 93.3% males) treated between 2000 and 2009 with inotropes before left ventricular assist device implantation. The population was divided into three groups: patients with mean pulmonary arterial pressure > 25 mm Hg (group A, n = 113), patients with pulmonary vascular resistance > 2.5 Wood units (WU) (group B, n = 75) and patients with transpulmonary gradient > 12 mm Hg (group C, n = 55). Patients could be assigned to more than one group. Results: After 24 h of inotropic support, pulmonary vascular resistance decreased (4.1 AE 0.2 to 3 AE 0.1, À25%, p < 0.001), as did the transpulmonary gradient (17 AE 0.5 to 14 AE 0.7, À18%, p < 0.001). There was no significant decrease of mean pulmonary arterial pressure. Fifty percent of patients presented transpulmonary gradient < 12 mm Hg on the 3rd day and pulmonary vascular resistance < 2.5 WU on the 4th day. No further changes were observed in the following days. Left ventricular assist device support allowed 63 patients to be listed for heart transplantation and 40 received transplantation. A 30-day mortality after heart transplantation was higher in patients with fixed pulmonary hypertension, despite inotropes, than in those with reversible hypertension in groups B and C (12.5% and 11.1% vs 0%, respectively). Conclusions: Transpulmonary gradient and pulmonary vascular resistance, but not mean pulmonary arterial pressure, are predictive parameters for successful heart transplantation in cases of severe postcapillary pulmonary hypertension. When no significant decrease in pulmonary vascular resistance and transpulmonary gradient after 3-4 days of pharmacological therapy is observed, mechanical circulatory support is the only option to bridge end-stage heart failure patients to heart transplantation. Survival after heart transplantation is strictly related to the reversibility of pulmonary vascular resistance and transpulmonary gradient before assist implantation, but not related to mean pulmonary artery pressure. #
Introduction
Fixed pulmonary hypertension (PH) is considered a crucial risk factor for mortality and morbidity following orthotopic heart transplantation (HTx) and a contraindication for it [1] [2] [3] . Pulmonary hypertension is defined by a mean pulmonary pressure (mPAP) > 25 mm Hg at rest or > 30 mm Hg during exercise [4] . A secondary, postcapillary PH is frequently present in patients affected by endstage heart failure (HF), caused by the pulmonary venous pressure increase. Over time, the venous hypertension may produce remodelling of the arterial wall characterised by intimal fibrosis and medial hypertrophy. This stage is known as fixed PH because it is not immediately reversible with pharmacological testing; on the other hand, since 1991 various authors have reported delayed reversibility of postcapillary PH after left ventricular assist device (LVAD) support [5] [6] [7] [8] [9] [10] .
It is clear that preoperative response to drugs has a crucial role in predicting the outcome after HTx. Guidelines approved by the American Heart Association Science Advisory Coordinating Committee recommend HTx if elevated pulmonary vascular resistance (PVR) is reversible below 2.5 Woods unit (WU) and transpulmonary gradient (TPG) is less than 12 mm Hg [11] . Presently, the optimal drug for the pharmacological test is still being discussed and the pulmonary haemodynamic parameters to predict outcome after HTx have not been well defined: mPAP, PVR and TPG are the most used, but no clear consensus is present about their real predictive value. There are several protocols for the diagnosis and treatment of PH secondary to HF, but conflicting data still exist [12] [13] [14] [15] [16] .
The aim of the study was to investigate the optimal pulmonary haemodynamic parameters for treatment decisions and the time course of their potential reversal to normal values during preoperative inotropic support.
Material and methods

Selection of patients
A retrospective analysis of changes in pulmonary haemodynamic parameters was carried out in 120 end-stage heart failure patients with severe postcapillary PH between 2000 and 2009 at the Deutsches Herzzentrum Berlin. All patients were supported preoperatively with inotropes for more than 1 week and judged to be candidates for LVAD placement.
There were 112 males (93.3%) and eight females (6.7%) with a mean age of 51.7 AE 1.1 years.
The aetiology was idiopathic dilated cardiomyopathy (DCMP) (48 patients, 40%), ischaemic DCMP (47 patients, 39.2%), post-myocarditis DCMP (20 patients, 16 .6%) and post-chemotherapy DCMP (five patients, 4.2%). A previous cardiac operation had been performed in 27 patients (22.5%). All patients were in New York Heart Association (NYHA) class III (22 patients, 18.3%) or intravenous (IV) (98 patients, 81.7%). All patients were, at least, in Interagency Registry for Mechanically Assisted Circulatory Support levels [17] (INTERMACS) level 3 and 15% (18 patients) were in level 1, calculated just before assist implantation. The inotropic score [18, 19] was used to render the population therapy homogeneous. Inclusion criteria were at least one elevated value at admission: mPAP > 25 mm Hg (group A, n = 113), PVR > 2.5 WU (group B, n = 75) or TPG > 12 mm Hg (group C, n = 55). Patients could be included in more than one group depending on the pulmonary parameters.
Clinical characteristics of the patients, based on the group to which they belong, are shown in Table 1 .
Haemodynamic evaluation
Each patient was monitored for invasive systemic pressure by continuous measurement through the radial or femoral Table 1 . Demographic and clinical laboratory parameters before LVAD Implantation on intravenous inotropic therapy in the three groups.
Parameter
Group A (n = 113) Group B (n = 75) Group C (n = 55) artery; a central venous catheter was inserted in the jugular vein. A Swan-Ganz catheter was placed in the main pulmonary trunk through cannulation of the internal jugular vein. Cardiac output (CO) was obtained with thermodilution technique. Central venous pressure (CVP), pulmonary pressure (systolic, diastolic and mean) and pulmonary capillary wedge pressure (PCWP) were measured and recorded. TPG was defined, as is usual, as the difference between mPAP and PCWP, whereas the PVR was obtained by dividing TPG by CO.
Transthoracic echocardiography was performed preoperatively, during intravenous inotropic therapy, in all patients to evaluate left and right ventricular function and geometry (left ventricular diastolic dimension (LVDD), left ventricular ejection fraction (LVEF), right ventricular diastolic dimension (RVDD) and right ventricular ejection fraction (RVEF)) and valve incompetence. Haemodynamic measurements were recorded every day from the beginning of the administration of inotropic drugs until LVAD implantation. An overview of pre-treatment echocardiographic and haemodynamic data is shown in Table 2 .
Pharmacological support
All patients were receiving standard medical therapy and intravenous inotropic drugs at the time of haemodynamic evaluation. Dobutamine was administered in 116 patients (96.66%); the other inotropic drugs used were dopamine (58 patients, 48.3%), enoximone (44 patients 36.66%), epinephrine (32 patients, 26.66%), milrinone (25 patients, 20.8%) and levosimendan (23 patients, 19 .2%). In only four patients (3.3%), norepinephrine was used. Almost all patients (n = 118, 95%) were treated with two or more inotropic agents. The trend in the haemodynamic parameters was evaluated according to the inotropic score. The inotropic score is obtained by the pharmacologic dose in micrograms per kilo body weight per minute: the doses of dopamine, dobutamine and enoximone were added. The doses of levosimendan were multiplied by 10; those of epinephrine and norepinephrine were multiplied by 100 and then added [19] .
In 40 patients (30%), a low vasodilator dose (nitroglycerin 1.1 mg h À1 or sodium nitroprusside used in only four patients with mean dose of 1.4 mg h À1 ) was administered, depending on the haemodynamic stability of the patients.
Statistical analysis
Statistical analysis was performed using SPSS 12.0 for Windows (SPSS, Inc., Chicago, IL, USA). Categorical variables are expressed as proportions and continuous variables as mean values AE standard deviation. Pulmonary haemodynamic values were analysed by the paired t-test.
Box plots have been used to compare the course of different parameters day by day after the use of inotropic drugs. p < 0.05 was considered statistically significant.
Results
Since January 2000, 120 patients have been monitored with Swan-Ganz catheter and all haemodynamic parameters recorded ( Table 2 ). All patients were treated with inotropic drugs. In general, 113 patients had mPAP > 25 mm Hg, (group A), 75 patients had PVR > 2.5 WU (group B) and 55 patients had TPG > 12 mm Hg (group C).
Haemodynamic data
First, patients with low values at admission (mPAP < 25 mm Hg, seven patients; PVR < 2.5 WU, 45 patients and TPG < 12 mm Hg, 65 patients) were analysed. There were no significant changes in pulmonary haemodynamic parameters in spite of inotropic treatment (Figs. 1-3) .
No statistically significant increase was observed in a small cohort of seven patients only with evidence of mPAP < 25 mm Hg (Fig. 1) . Second, patients with high pulmonary haemodynamic parameters were analysed. Group A (mPAP > 25 mm Hg) did not show any important change (Fig. 1) . Group B (PVR > 2.5 WU) showed a significant decrease already after the first day of inotropic support: PVR dropped from 4.1 AE 0.2 to 3 AE 0.1 (À25%, p < 0.001) (Fig. 2) . A similar decrease was noted in group C (TPG > 12 mm Hg): TPG dropped from 17 AE 0.5 to 14 AE 0.7 (À18%, p < 0.001) (Fig. 3) . Fifty percent of patients presented TPG < 12 mm Hg on the 3rd day and 50% had a PVR < 2.5 WU on the 4th day. No further changes were observed in the following days for each parameter.
Outcome
All patients were treated with an LVAD and in none was an RVAD implantation necessary; in the postoperative period also no cases of right ventricle failure occurred. The majority (78.3%) of patients were treated with a continuous flow device. Devices used were Incor (64 patients), Berlin Heart Excor (17 patients), HeartMate II (14 patients), Novacor (nine patients), DeBakey (nine patients) DuraHeart (four patients), Jarvik 2000 (two patients) and Ventrassist (one patient).
Procedural success was defined as heart transplantation (40 patients), weaning (two patients) or continued ventricular assist device (VAD) support, but discharge home (23 patients) was reached in 54.2%. The procedural success for groups A, B and C was 53.1%, 57.3% and 52.7%, respectively (Tables 3 and 4) .
LVAD support allowed overall 63 patients to be listed for HTx and 40 received transplantation after an average time of 458.225 AE 242.49 days: 38 patients (33.6%) in group A (20 patients with fixed PH with drugs and 18 patients with reversible PH with drugs), 27 patients (36%) in group B [ (16 patients with fixed PH with drugs and 11 patients with reversible PH with drugs) and 16 patients (29.1%) in group C (nine patients with fixed PH with drugs and seven patients with reversible PH with drugs) (Table 5 ). Mortality after HTx was lower in patients with reversible PH by inotropes than in patients with fixed PH despite drugs, before LVAD implantation in groups B and C (0% vs 12.5% and 0% vs 11.1%, respectively) ( Table 5 ). Group A showed slightly higher survival, without statistical significance, in patients with fixed PH despite drugs (90% fixed PH vs 88.9% reversible PH).
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Discussion
The study showed that TPG and PVR, but not mPAP, are predictive parameters for successful HTx in the case of severe postcapillary PH. In patients with inotropic-dependent end-stage heart failure without significant decrease in PVR and/or TPG after 3-4 days of inotropic support therapy, primary HTx is still not possible and LVAD as a bridge to 'transplantability' is the only option [9] . Survival after HTx is related to the reversibility of PVR and TPG before LVAD. The aetiology of PH also plays a crucial role: our patients can be treated with LVAD because all are affected by a PH secondary to heart disease. In the case of severe right ventricular dysfunction, a biventricular assist device (BVAD) must be implanted [20] .
Since 2000, the registry of the International Society for Heart and Lung Transplantation (ISHLT) has acknowledged the linear relationship between PVR and mortality after HTx [21] . However, there is no agreement about the role of TPG and PAP regarding the degree of PH associated with poor prognosis [1, 21] .
At present, there is also no clear consensus on the best drug available to reverse PH clinically (even during pharmacological tests): inotropes (dobutamine, enoximone and milrinone) and vasodilators (nitroglycerin, sodium nitroprusside, nitric oxide and prostacyclin,) have been used [12] [13] [14] [15] [16] . Vasodilators are mostly used but the risk of systemic hypotension in end-stage HF patients, who are candidates for LVAD support, is real. Nitric oxide appears to be safer but in patients with instable haemodynamics, it may have a negative effect due to the risk of pulmonary overflow and oedema. Torre Machos et al. demonstrated that comparable dosages of different inotropes or non-selective vasodilators or prostacyclin can achieve the same effective results in the treatment of patients with secondary severe PH [12] .
PH secondary to HF is due to an increase in the venous pressure and so it is typically postcapillary hypertension; treatment of this kind of PH aims to normalise the wedge pressure. For this reason, LVAD implantation plays a role in the 2 (10%) 2 (12.5%) 1 (11.1%) 30-day mortality in patients with PH reversible on inotropes (n) 2 (11.1%) 0 (0%) 0 (0%) HTx, heart transplantation; PH, pulmonary hypertension; PVR, pulmonary vascular resistance; TPG, transpulmonary gradient. HTx, heart transplantation; LVAD, left ventricular assist device; PH, pulmonary hypertension. treatment of patients with PH as a bridge to transplantability [5] [6] [7] [8] [9] [10] ISHLT guidelines for the care of cardiac transplant candidates recommend LVAD implantation in the case of fixed PH as a bridge to eventual HTx [22] . Inotropes improve the CO and reduce the wedge pressure and, therefore, may test the reversibility of PH. However, the delayed reduction of PVR on the LVAD in patients previously identified as having fixed PH means that the 'fixed' component of PH probably just needs more time to normalise. All patients were treated with an LVAD and no right ventricular assist device (RVAD) implantation was necessary. On the other hand, some authors believe that PH protects the patient from right ventricular failure after LVAD implantation [20, 23] . Low mPAP reflects low right ventricular contractility, according to the results of a Columbia University group [24] . In our study, all patients with the risk of right ventricular failure after LVAD implantation, calculated according to the institutional algorithm, were treated with a BVAD [20] . Consequently, patients with severe right ventricular dysfunction were excluded from the patient population of this study. That it is the correct indication to treat this kind of patient with LVAD (and not BVAD) is confirmed by the absence of right ventricular failure in the postoperative period.
It would be very interesting to analyse patients with fixed PH and mPAP < 25 mm Hg pre-LVAD implantation but, in our study, these patients were few (seven patients) and all had reversible PH.
In our data, group C is the smallest one, the reason probably being that in the case of postcapillary PH, we primarily observe an increase in pulmonary artery pressure proportional to the increase in wedge pressure. At this moment, PVR and TPG are normal, but long-standing wedge pressure elevation leads to an increase in PVR; this elevation determines an increase in pulmonary artery pressure disproportionate to the wedge. The consequence is the increase of TPG also, as the last step.
It is quite clear that unresponsive PH is associated with higher mortality post-transplant than rapidly reversible PH [1] [2] [3] and knowing whether PH is reversible or not is crucial. The role of pharmacological therapy to test PH reversibility is essential for decision making. In this study, the mortality after HTx was strictly related to the pre-LVAD implantation value of PVR and TPG. The mPAP has no role in the prediction of survival in these patients.
Our study showed that most changes in pulmonary haemodynamics under inotropic support appear during the first 4 days of treatment with inotropes: in the case of lack of normalisation of the PVR and TPG values, the treatment of choice is LVAD implantation and waiting for delayed reversibility of the PH parameters. In the case of reversibility with inotropic drugs, it is possible to proceed with high urgent listing for HTx.
Since the number of patients with congestive heart failure and secondary PH is increasing, these patients may, in the future, represent a group that will need specific treatment in this regard, for example, VAD support of failing Fontan haemodynamics or of a failing single ventricle. Additional oral administration of drugs to decrease pulmonary hypertension (e.g., sildenafil or bosentan) may be of value in such cases.
The 30-day mortality after HTx in patients with fixed PH before LVAD implantation is higher than in patients with reversible PH, but still comparable with the results recorded in the ISHLT database (30-day survival 90.58%) [25] . Patients with reversible PH were transplanted earlier (389.00 AE 163.554 days) than patients with fixed PH (527.45 AE 289.593 days). Patients with PH existing despite long-term LVAD treatment have at least a similar risk profile. Therefore, the mortality of patients with PH on LVAD or primarily transplanted is also similar. Moreover, fixed PH on LVAD may be a marker for a sicker, high-risk population.
In conclusion, this study shows the importance of TPG and PVR, but not mPAP, as useful criteria in patient selection for HTx versus LVAD implantation. In patients with inotropedependent end-stage heart failure and without significant decrease in PVR and/or TPG after 3-4 days, the LVAD is an option to treat PH, waiting for a possible reduction of the PVR or TPG and to bridge patients to transplantability status [9] .
Study limitations
The first limitation of this study is the retrospective nature of the analysis. There was not a protocol-driven management of inotropes. Moreover, it is important to argue that the small number of transplanted patients may mask any true difference in survival between patients with fixed PH and patients with reversible PH, despite medical treatment.
We focussed on pulmonary parameters only, thus dividing our patient population into three probably 'virtual' groups. It could happen that some of the same patients belonged to different groups and the result is three overlapping classes that could make the data difficult to interpret. In our opinion, this was the only way to analyse each parameter separately. Our goal was the analysis of patients with different situations regarding the complex 'pulmonary vascular resistance-right ventricle-left ventricle (end diastolic pressure)' in a quite homogeneous patient population.
This study could suffer from a patient 'overpopulation' but might help in the establishment of pulmonary parameter predictors.
Therefore, despite the fixed relationship between the three analysed parameters, it is well known that in the calculation for both TPG and PVR the wedge pressure measurement is essential but not in the case of mPAP. We studied quantitatively by haemodynamic evaluations what could happen to the three parameters if considered alone in patients under inotropic treatment, following them up to the clinical outcome (despite any patient 'overpopulation'). It was expected that mPAP would not be a predictive factor for the decision making but, in our experience, the grade of variability of the parameters and the time needed for any such variability were not known. Postcapillary PH secondary to HF is characterised by the increase of wedge pressure: for this reason, it was intuitive that TPG and PVR were the main parameters to consider as predictors of reversibility.
In conclusion, the literature data are still few, and a prospective multicentric, randomised controlled trial of aggressive medical therapy versus LVAD therapy would be important, but it is fundamental to remember that the indication for LVAD implantation in our study is based on the patients' clinical condition, and not on their PH.
